ABSTRACT: Methods for detecting and measuring the quantity of fibrolytic enzyme preparations added to feeds were investigated by enzymatic and tracer methods. Enzyme preparations added to corn silage, ryegrass silage, and a total mixed ration containing both silages and a concentrate could not be detected using their enzymatic activities. Glycosidase activities of solubles washed from the feed were more than an order
Introduction
Enzyme preparations are increasingly being used as feed additives for farm livestock. Fibrolytic enzymes, which were previously used mainly for nonruminants (Graham and Balnave, 1995) , seem also to be effective in ruminants (Krause et al., 1998; Lewis et al., 1999; Rode et al., 1999) . Methods must be in place to determine whether the required amount of enzyme has been added to the feed and whether the additive has been distributed adequately in the feed. The aim of the present experiments was to investigate methods by which it would be possible to detect and quantify whether enzyme preparations had been added to the diet. The fibrolytic enzymes included preparations designed to be used with ruminant rations, and the diets were also silages or silage-based diets typical of those used for ruminants.
Materials and methods
The feedstuff substrates tested were a total mixed ration (TMR), ryegrass silage and corn silage. The TMR contained, (g/kg) the following ingredients: corn silage, 1 2731 of magnitude greater than glycosidases in the added enzymes. Carboxymethylcellulase and xylanase activity determinations, using reducing sugar release as the measurement, were subject to interference from reducing sugars present in the feed. A fluorescent tracer method, using fluorescein added at a rate of 1 g/L of feed enzymes, or 2 g/t of feed, was developed that enabled sensitive detection of liquid enzyme additions to feeds. 426; ryegrass silage, 143; milled wheat, 201; rapeseed meal, 101; soybean meal, 59; fishmeal, 14; molasses, 40; vitamins, 6; and minerals, 10 . The feedstuffs were supplied by the Department of Agriculture, University of Reading. They were freeze-dried before evaluation but not processed further in case such processing released enzyme activity. The feed additive enzymes evaluated were enzyme A, an experimental formulation of cellulase and hemicellulase enzymes supplied by Finnfeeds International Ltd. (Marlborough, U.K.) and enzyme B (Pro-Mote), from Biovance International (Omaha, NE) which is an extract from Trichoderma longibrachiatum containing cellulase and xylanase activities (Krause et al., 1998) .
In order to extract soluble materials associated with feedstuffs, 1 g of freeze-dried feed was mixed with 22 mL of 0.1 M sodium phosphate buffer (pH 6.5). The mixture was vortexed for 30 s and incubated at room temperature (∼ 25°C) for 30 min. The mixture was then strained through muslin, and the filtrate was centrifuged at 15,000 × g for 15 min. Enzyme activities and reducing sugar concentrations were determined in the supernatant fluid, defined as the solubles extract of the feeds.
Glycosidase activities measured were β-glucosidase (EC 3.2.1.21), β-xylosidase (EC 3.2.1.37), and α-arabinosidase (EC 3.2.1.55), using p-nitrophenyl substrates as described by Garcia-Campayo and Wood (1993) . The assay mixture contained 50 µL of 1 mg/mL substrate dissolved in 0.1 M sodium phosphate buffer, pH 6.5, and 50 µL of solubles extract, or 0.2% (vol/vol) enzymes A or B diluted in the same buffer. The mixtures were incubated in 96-well plates at 39°C for 1 h, then the reaction was stopped by adding 100 µL of 0.4 M glycineNaOH buffer, pH 10.8, and the absorbance was measured in a plate reader at 420 nm. p-Nitrophenol released was calculated from the absorbance of a solution of p-nitrophenol in the same buffer.
The polysaccharidase activities measured were carboxymethylcellulase (CMCase; EC 3.2.1.4) and xylanase (EC 3.2.1.8). Activities were assayed by measuring the reducing sugars released from the corresponding substrate when incubated in the presence of solubles extract or enzyme additives, as described by Berger et al. (1989) . The substrates were obtained from Sigma Chemical Co., (Poole, Dorset, U.K.). Carboxymethylcellulose (CMC) was medium viscosity; xylan was from oat spelts. The substrates were suspended in 0.1 M sodium phosphate buffer, pH 6.5, at concentrations of 2% for CMC and 1% for xylanase. All dilutions of samples for enzyme assays were carried out using 0.1 M sodium phosphate buffer, pH 6.5. In order to determine CMCase activities, 2 mL of the solubles extract or 2 mL of 0.02% (vol/vol) dilutions of enzymes A or B were added to 2 mL of CMC substrate solution. Xylanase activities were determined by adding 2 mL of the solubles extract or 2 mL of 0.2% (vol/vol) enzyme A or B solution to 2 mL of xylan solution. The mixtures were incubated at 39°C for 30 min. The reaction was stopped by adding an equal volume of the Nelson reagent of the Somogyi-Nelson method, and reducing sugar release was determined as described by Berger et al. (1989) . The zero-time sample was used to calculate the reducing sugars present in the solubles washed from the feeds. The enzyme activity was calculated from the difference between the reducing sugars present at 0 min and at 30 min. Standards were glucose or xylose for CMCase or xylanase, respectively.
Enzyme activity and reducing sugar measurements were means and SD from four replicates. Enzyme activities in the solubles extract were expressed per gram of freeze-dried feed. The enzyme activities of enzymes A and B, measured in the absence of feed, were also expressed per gram of feed, assuming that the enzymes would be added at the suppliers' recommended application rates of 1.5 and 2.0 L/t for enzymes A and B, respectively. The CMCase and xylanase activities were impossible to measure from the release of reducing sugars in the presence of feeds, because the feeds contained high background concentrations of reducing sugars. In order to illustrate this problem, the reducing sugar concentration in the feed was calculated per gram of freeze-dried feed; this concentration was compared with the reducing sugars that would be expected to be released as a consequence of the activity of added enzymes A and B in a 30-min assay in vitro, again expressed per gram of feed.
Tracer studies were done with TMR, ground to pass a 1-mm screen. Fluorescein was 10% fluorescein sodium solution (Sigma Chemical Co.). Fluorescein was added to the diet, either alone or in the presence of enzyme A, as follows: 0.1 mL of 10% fluorescein was added to 10 mL of additive A or 10 mL of 0.1 M sodium phosphate, pH 7.0. These solutions were diluted 50-fold in 0.1 M sodium phosphate buffer, pH 7.0, and 0 to 0.05 mL of the diluted solutions was added to tubes containing 0.5 g of ground TMR or to control tubes containing no TMR. The TMR was mixed thoroughly by vortexing for 1 min, and, after 1 h at room temperature, 10 mL of the same buffer was added, the tubes were mixed by inversion several times, and they were incubated at room temperature for another 20 min. The tubes were then centrifuged at 20,000 × g for 20 min. The supernates were diluted 0.02 mL in 4.98 mL of buffer, and fluorescence was measured in a Baird Nova spectrofluorimeter (Baird Atomic Ltd, Braintree, Essex, U.K.) at λ Ex = 489 nm and λ Em = 517 nm and using range 13. The controls were TMR with no addition and TMR with diluted enzyme solution alone.
In Table 1 , enzyme activity associated with feeds were the means of four replicates, as were the activities of enzyme additives A and B; means were compared by a two-sample, equal-variance t-test. In Table 2 , reducing sugars associated with feeds were the means of four replicates, as were the reducing sugars predicted to be released as the result of feed additive enzyme activity; means were compared by a two-sample, equal-variance t-test.
Results and Discussion

Enzyme Activity Determination
Preliminary experiments indicated that it was difficult to distinguish feeds that had been treated with enzymes from untreated feeds by enzyme activity measurements. In the case of glycosidases, the problem was that high enzyme activities were already associated with the feeds, as illustrated by Table 1 . Enzyme activities were measured in supernates from centrifuged washings of freeze-dried feedstuffs (solubles extract) and in the supplemental enzyme preparations themselves. Both were then converted to units of activity per gram of feed, based on application rates of the feed additives of 1.5 and 2 L/t for enzymes A and B, respectively, which were the application rates recommended by the suppliers. Glycosidase activities of solubles extracts were high (Table 1) , particularly β-glucosidase, which was particularly high in corn silage and in TMR. β-Xylosidase activity was lower and α-arabinosidase was lowest. The β-glycosidase and β-xylosidase activities of the enzymes, converted to recommended application rates on the feeds, were about an order of magnitude lower (P < 0.001) than the activities already present in the feed (Table 1) . It is not clear whether the diet-associated glycosidase activities were of plant or microbial origin. Silages contain large numbers of bacteria, so other types of feed may contain less activity.
The problem that was encountered when attempts were made to measure polysaccharidase activities in Based on measurements carried out with dilutions of enzyme A and B in the absence of feed, and calculated from suppliers' recommended application rates of 1.5 and 2.0 L of preparations A and B per ton of feed, respectively. Enzyme A contains cellulase and hemicellulase enzymes, and Enzyme B contains cellulase and xylanase activities.
the solubles extracts was different. High concentrations of reducing sugars were already present in TMR and grass silage, and to a lesser extent in corn silage (Table  2 ). These concentrations were much higher (P < 0.001) than the amount of reducing sugars that would be released in polysaccharidase assays in vitro from enzymes added at the suppliers' recommended rates of 1.5 and 2 L/t of enzymes A and B, respectively (Table 2) .
Enzyme activities were measured in the present experiments at neutral pH and at 39°C, which were conditions selected to reflect the pH and temperature of ruminal digesta and most relevant to a ruminal mode of action. These fungal enzymes have optimum conditions of lower pH and higher temperature (Rode et al., 1999) , however. Enzyme activity might be amplified relative to endogenous enzyme activity in the feeds by altering assay conditions to favor the added enzymes. Nevertheless, it still seems improbable, in view of the difference in magnitude of activities between the feeds and the added enzymes, that glycosidase activities would be a useful indicator for enzymes added to ruminant feeds.
The difficulties associated with soluble sugars of dietary origin might be alleviated to some extent by dialysis of the washings before incubating with CMC or xylan. However, soluble polymers would be too large to be removed by dialysis, and they could lead to mis- Calculated from suppliers' recommended application rates of 1.5 and 2.0 L of preparations A and B per ton of feed, respectively. Enzyme A contains cellulase and hemicellulase enzymes, and Enzyme B contains cellulase and xylanase activities. leading release of reducing sugars, particularly in conjunction with the likelihood that enzymes may be present in the feed and therefore lead to anomalous sugar release. Other alternatives might be to use CMC or xylan labeled with an azo dye as substrate for the enzyme activity, thus enabling the activity to be identified and quantified by color release (McCleary, 1988) , or to use radiolabeled substrates. Neither of these solutions would overcome the difficulty of endogenous activities associated with the feed. Thus, it was concluded that detecting enzymes A and B added to the feeds by measuring enzyme activity, which would be the preferred method of detection, was impractical for reliable quantification.
Fluorescent Tracer
Fluorescein was mixed with enzyme solution, then diluted and added to the diet. The diet was then washed and the fluorescence of the solubles extract was determined. The fluorescence washed from the diet was linearly related to the amount of enzyme added ( Figure  1 ). The response was unaffected by the deletion of enzyme A from the mixture; however, the response was greater in tubes containing fluorescein to which no TMR was added, indicating that a small proportion, approxi- Relative fluorescence is an arbitrary unit that depends on the fluorimeter used, because it depends on the geometry of the detector. The mean relative fluorescence of a solution resulting from the mixture of TMR + enzyme A, no fluorescein, treated in the same way as fluoresceincontaining solutions was 12, SD 2.9, n = 5. The mean fluorescence of a solution resulting from the washing of TMR with buffer alone, no enzyme A and no fluorescein, was 5, SD 1.3, n = 5. mately 25%, of the added fluorescein had not been washed from the diet. Nevertheless, the results presented here suggest that fluorescein could be measured easily. The efficiency of detection of fluorescence depends on the efficiency of the instrument used. The sensitivity of fluorescence measurement in the spectrofluorimeter used for these experiments was such that fluorescein could be detected at addition levels 100 times less than those used in the present application.
The present experiments represent only early development work in establishing methods to detect enzyme additives in ruminant feeds. The quantity of active enzyme actually being applied to the feed is obviously an important factor in determining the efficacy of the treatment. The difficulty of ensuring the efficient distribution of small quantities of liquid in a solid feed was reflected by the large liquid:solid ratio used in the experiments: − 0.05 mL of diluted enzyme was added per 0.5 g of feed, which is equivalent to 100 L/t, much more than the 1.5 or 2 L/t recommended application rates. Furthermore, it is much easier to mix the small quantities of feed used here than the large quantities used under farm conditions. Whether an efficient distribution of enzyme additive is critical to its effectiveness depends on the site of action of the additives. If their effects are mainly ruminal, then an effective mixing preruminally is probably not critical, because the enzyme will become mixed in the rumen as part of the natural digestion process. However, if the effectiveness of enzyme additives depends on a prefeeding effect, as seems likely from some investigations (McAllister et al., 1999; Wallace et al., 2001) , the homogeneity of the distribution might be crucial to an effective treatment. Fluorescein therefore represents at least an experimental tool for carrying out such investigations. Fluorescein might also be used more routinely to monitor the presence and distribution of feed additives in general. The procedure used here involved the addition of 2 g of fluorescein/ton of feed. Fluorescein is not an approved feed additive; however, it is not considered to be toxic. Indeed, it is used in several medical applications (e.g., to visualise blood flow in vessels around the eye). In an investigation of xanthene dyes as insecticides (Fairbrother et al., 1982) , fluorescein had no influence on ruminal fermentation at concentrations below 1 mM, which is approximately 1,000 times the concentration used here and at least 10 5 times greater than the possible maximum sensitivity of the method described here. Fluorescein addition is therefore a safe and simple experimental method for tracing minute amounts of feed additives.
Implications
None of the enzyme activities measured in the present study provided a suitable method for detecting a fibrolytic enzyme additive present in the silage-based feedstuffs used in the study. Either corresponding activities were already present in the feed or endogenous sugars prevented the detection of activity. Instead, adding a nonreactive fluorescent tracer to the enzyme solution was highly effective in measuring the liquid addition. The method could be used as a methods-development tool to follow how homogeneously enzyme additives, or other liquid additives, are mixed with feedstuffs on a larger scale. These findings also have implications for the mode of action of enzyme additives. The glycosidase activities of feeds were much greater than those of the added enzymes. This implies that glycosidases of enzymes are unlikely to be important in their mode of action as growth-promoting feed additives.
